Optical filters with an ultranarrow and rectangular spectral response are highly desired for high-resolution optical/ electrical signal processing. An all-fiber optical filter based on a fiber Bragg grating with a large number of phase shifts is designed and fabricated. The measured spectral response shows a 3 dB bandwidth of 650 MHz and a rectangular shape factor of 0.513 at the 25 dB bandwidth. This is the narrowest rectangular bandpass response ever reported for an all-fiber filter, to the best of our knowledge. The filter has also the intrinsic advantages of an all-fiber implementation.
Optical filters provide fundamental functions for signal processing in a variety of fields. For advanced applications in wireless, optical, quantum communications, radar, lidar, and astronomy systems, a bandpass optical filter with an ultranarrow bandwidth from several GHz down to the MHz range, comparable to that of a conventional electrical filter, is highly desired [1] [2] [3] . An optical filter also offers some critical advantages as compared with an electronic solution, such as high operation frequency, large spontaneous bandwidth, low frequencydependent loss, and strong immunity to electromagnetic interference. However, a key challenge in the design and fabrication of the optical filter is to achieve a spectral response with both an ultranarrow bandwidth and a rectangular spectral profile.
Fiber Bragg gratings (FBGs) have been widely used to implement versatile optical filters [4, 5] , with advantageous features including flexible spectral response, low insertion loss, and an all-fiber configuration that is fully compatible with other fiber-optic components and systems. FBGs developed for optical communications [6] usually have a bandwidth in the order of tens of GHz or, more typically, exceeding 100 GHz. However, special designs can be employed to implement an FBG with a 3 dB bandwidth of a few GHz or lower by using grating apodization or phase-shift techniques. An FBG with a 3 dB bandwidth of ∼5 GHz [7, 8] has been demonstrated by properly engineering the grating apodization profile. On the other hand, the phase-shift technique has widely been employed for the design of a volume or fiber grating with an even narrower bandwidth [9] [10] [11] [12] [13] [14] [15] . For example, a phase-shifted FBG (PS-FBG) with a 3 dB bandwidth around 2 GHz has been employed to implement multiple-wavelength fiber lasers, single sideband modulation, and microwave channelization [10] [11] [12] . A PS-FBG with a bandwidth as low as 100 MHz or 62.5 MHz (i.e., 0.5 pm) has also been reported [13, 14] . Based on the equivalent phase shift technique, a PS-FBG with an ultranarrow bandwidth of 2.5 MHz was demonstrated [15] .
Although an ultranarrow bandwidth can be achieved in a filter based on an FBG, a Lorentzian or quasi-Lorentzian profile [9] [10] [11] [12] [13] [14] [15] with a shape factor of 0.0562 is usually deduced for spectral responses. Here, the shape factor is defined as the ratio between the 3 dB and the 25 dB bandwidths [16] . Generally, an excellent rectangular profile is obtained when this factor is greater than 0.5. However, for many applications, such as RF channelization, a rectangular spectral response is needed. A filter with a rectangular spectral response has other important advantages, such as a more stable and robust filtering processing, higher spectral efficiency, increased spectral sidelobe suppression, lower intrachannel crossinterference, and reduced signal distortions. Multiple phase shifts have been introduced to a grating structure, in the past, to improve the flatness of the spectral response [17] [18] [19] . In 2009, we fabricated an flat-top FBG-based filter with a bandwidth of ∼5.5 GHz (44 pm) and in-band ripples less than 0.05 dB [20] . The flatness was improved but the spectral response was still far from a rectangular profile.
In this letter, an expected all-fiber optical filter based on an FBG is designed and fabricated. The feature of the filter design is the balanced combination of a large number of phase shifts, a large length, and a weak refractive index perturbation in an FBG to ensure an ultranarrow and rectangular spectral response. More importantly, such a filter with a 3 dB bandwidth of 650 MHz and a rectangular shape factor of 0.513 is experimentally demonstrated for the first time. As other interesting practical advantages, the filter operates in transmission with simple interconnection and low loss, in contrast to conventional FBG filters used in reflection.
As shown in Fig. 1 , the designed FBG-based filter has a large number of phase shifts in the refractive index perturbation. Mathematically, when N phase shifts are inserted, the optical filter is divided into N 1 grating sections, which can be regarded as a cascade of N equivalent cavities with coupling effects among them. Using the transfer matrix method, the spectral responses of the device can be calculated as
where r and t are the complex-field transmission and reflection coefficients of the filter; r i , t i , and L i are the complex-field reflection and transmission coefficients and the length of i-th grating section (1 ≤ i ≤ N 1), respectively; θ i is the i-th phase shift (1 ≤ i ≤ N); and represents the complex conjugation. We use a symmetric distribution of multiple π phase shifts, and in particular
To minimize the sidelobes in the transmission spectral response, a Gaussian apodization on the refractive index perturbation is also introduced. The specific physical parameters of the designed filter are listed in Table 1 . Here, a large length and a weak refractive index perturbation are used to provide a narrow reflection bandwidth. Next, a double-digit number of phase shifts are distributed, with balanced couplings among the equivalent cavities, to generate a narrower and rectangular passband in the narrow reflection bandwidth. Thus an ultranarrow and rectangular spectral response in transmission will result.
The spectral response (T jtj 2 ) in transmission is numerically calculated using the transfer matrix method [21] . As shown in Fig. 2 , a 3 dB bandwidth of 600 MHz, a 25 dB bandwidth of 1270 MHz, a stop-band bandwidth of 30 GHz, and an insertion loss less than 1 dB are expected, leading to a shape factor of 0.5. Therefore, the designed all-fiber optical filter has both an ultranarrow bandwidth and an excellent rectangular profile. In addition to the amplitude response, a quasi-linear phase response is also observed in the passband. The designed optical filter is then fabricated in a standard single-mode fiber by using a phase mask with a uniform pitch of 1070.4 nm through UV exposure at 244 nm. The implementations of the Gaussian apodization and the phase shifts are key steps for fabrication. The Gaussian apodization in refractive index perturbation is formed through controlling the scanning speed of the UV beam along the fiber, and a maximum perturbation is estimated to be ∼2.1 × 10 −4 . There are a total of 10 phase shifts in the 92.192-mm filter and each phase shift is introduced by using a nanopositioning stage to move the phase mask by a quarter-pitch displacement.
To evaluate the spectral response of the fabricated filter, two measurement methods are employed. The first one is performed in the optical domain by use of an optical vector network analyzer (OVNA, LUNA OVA-5000).
Since an OVNA has a wavelength scanning range up to 75 nm, this feature is employed to characterize the spectral response over a large wavelength range. To have a spectral response measurement with a higher resolution of ∼MHz, we also measure the spectral response in the electrical domain using an electrical VNA (EVNA, Agilent N5230A). The measurement configuration using an EVNA is shown in Fig. 3 . The spectral response of the filter can be derived from the beating between the optical carrier from the upper path and the filtered 1 st sideband from the lower path, under the frequency-scanning mode of the EVNA. is achieved. The spectral response of the passband, measured with a higher resolution of 6 MHz using the EVNA, is shown in Fig. 4(b) . As can be seen, the filter has a 3 dB bandwidth of 650 MHz and a 25 dB bandwidth of 1270 MHz. Thus, the rectangular shape factor is calculated to be 0.513. More specifications of the fabricated filter, including the insertion loss, the out-of-band rejection ratio, the in-band ripples, and the central wavelength, are provided in Table 2 , while the quasi-linear phase response is not presented due to the limit of the measurement configurations. The key requirements (an ultranarrow bandwidth and an excellent shape factor) are fulfilled.
In conclusion, an all-fiber optical filter with an ultranarrow and rectangular spectral response was designed and fabricated on a single-mode fiber. The measured spectral responses showed that the filter had an ultranarrow 3 dB bandwidth of 650 MHz and a rectangular shape factor of 0.513. In addition, the filter also exhibited an insertion loss of only 3 dB, a stop-band bandwidth of 30.4 GHz, and a rejection ratio of 50 dB. To the best of our knowledge, this is the first demonstration of an all-fiber filter with both an extremely ultranarrow bandwidth and an excellent rectangular profile in the bandpass response. 
